The hetero-oligomeric chaperonin of eukarya, TRiC, is required to fold the cytoskeletal protein actin. The simpler bacterial chaperonin system, GroEL/ GroES, is unable to mediate actin folding. Here, we use spectroscopic and structural techniques to determine how TRiC promotes the conformational progression of actin to the native state. We find that actin fails to fold spontaneously even in the absence of aggregation but populates a kinetically trapped, conformationally dynamic state. Binding of this frustrated intermediate to TRiC specifies an extended topology of actin with native-like secondary structure. In contrast, GroEL stabilizes bound actin in an unfolded state. ATP binding to TRiC effects an asymmetric conformational change in the chaperonin ring. This step induces the partial release of actin, priming it for folding upon complete release into the chaperonin cavity, mediated by ATP hydrolysis. Our results reveal how the unique features of TRiC direct the folding pathway of an obligate eukaryotic substrate.
In Brief
Single-molecule studies explain why the eukaryotic chaperone complex TRiC, but not the simpler bacterial chaperonin system, is able to induce the proper folding of actin.
INTRODUCTION
The chaperonins are protein folding nano-machines essential in all three domains of life. These complexes provide a cage-like environment for proteins to fold in isolation, unimpaired by aggregation, and in some cases actively modulate the folding pathway of the encapsulated protein (Balchin et al., 2016; Hayer-Hartl et al., 2016; Lopez et al., 2015) . The chaperonins are particularly important for the folding of proteins with complex domain topologies that are recalcitrant to folding by other chaperones, such as ribosome-associated chaperones or the Hsp70 system (Balchin et al., 2016) . Two major classes of chaperonin can be distinguished. Group I chaperonins occur in bacteria (GroEL) and organelles of bacterial origin (Hsp60 in mitochondria and Cpn60 in chloroplasts). They cooperate with lid-shaped cofactors (GroES in bacteria). Group II chaperonins occur in archaea (thermosome) and eukarya (TRiC, also called CCT) (Lopez et al., 2015) . How group I and II chaperonins differ mechanistically in promoting the folding of their obligate substrate proteins is not well understood.
Group I chaperonins (exemplified by GroEL/ES) and group II chaperonins (exemplified by TRiC) have a common domain organization of their subunits as well as general architecture (Figure 1A) . Both chaperonins form $1 MDa complexes, consisting of two rings of subunits stacked back-to-back (seven identical subunits per ring in GroEL and eight paralogous subunits per ring in TRiC). The equatorial ATPase domain forms most of the intersubunit contacts within rings and the interface between rings. It is connected to the apical substrate binding domain via an intermediate hinge domain (Figure 1A) . Substrate binding, encapsulation for folding, and product release are allosterically regulated by ATP binding and hydrolysis. Unlike GroEL, which cooperates with the lid-shaped GroES to close its folding chamber, TRiC has a built-in lid that assembles from apical protrusions on each subunit (Lopez et al., 2015) (Figure 1A) . The chaperonins receive their substrates from upstream chaperones, such as the Hsp70 system, with TRiC recognizing some of its substrate proteins cotranslationally (Frydman et al., 1994; Lopez et al., 2015) . Group II chaperonins also cooperate with a specific holding chaperone, prefoldin (Balchin et al., 2016; Lopez et al., 2015) .
The eukaryotic chaperonin TRiC supports the folding of $10% of the cytosolic proteome, including the key cytoskeletal proteins actin and tubulin (Dekker et al., 2008; Yam et al., 2008) . The filament forming protein, actin (F-actin) , is the most abundant protein in eukaryotic cells. The actin monomer (G-actin; $42 kDa) consists of two major lobes (small and large) that are discontinuous in sequence and are separated by a cleft (Kabsch et al., 1990) (Figure 1B) . Each lobe is sub-divided into two domains (1 and 2; 3 and 4). Nucleotide (ATP or ADP) and a divalent cation (Mg 2+ or Ca 2+ ) bind in the cleft and stabilize the native fold. Actin folding has been reconstituted in vitro using purified TRiC (Frydman and Hartl, 1996; Gao et al., 1992; Stuart et al., 2011) . Notably, actin cannot utilize either the group I GroEL/ES or the archaeal group II chaperonins for folding (Stemp et al., 2005; Tian et al., 1995) . This suggests that actin has co-evolved with its folding machinery. Each ring of the hetero-oligomeric TRiC contains eight subunits that are structurally similar but divergent in sequence and are arranged in a defined topology (Kalisman et al., 2012; Leitner et al., 2012) , with the subunits differing in their affinity for ATP (Kalisman et al., 2013; Reissmann et al., 2012; Zang et al., 2016 ) and the ring-cavity partitioning into positively and negatively charged hemispheres (Leitner et al., 2012) . Furthermore, the TRiC subunits have different substrate binding preferences (Joachimiak et al., 2014; Llorca et al., 2000; Martín-Benito et al., 2002; Muñ oz et al., 2011) . How these unique features of TRiC influence substrate protein folding remains unclear.
Here, we use single-molecule folding experiments, hydrogen/ deuterium exchange-mass spectrometry (H/DX-MS) and cryoelectron microscopy (cryo-EM) to determine the conformational progression of actin as it is folded by TRiC. By comparison with the bacterial chaperonin GroEL, we isolate the specific features of the TRiC-actin interaction that are necessary for folding. Our experiments show that actin fails to fold spontaneously at a biologically relevant timescale. In contrast to GroEL, TRiC exploits subunit-specific binding and an asymmetric conformational cycle to ensure efficient folding of the actin subdomains. We suggest that actin belongs to a class of proteins with complex domain topologies, for which the amino acid sequence alone is not sufficient to ensure productive folding. By providing steric information to the folding pathway, TRiC allows actin to access its thermodynamically stable, native state.
RESULTS

Actin Refolding by TRiC
The specific, high-affinity binding of DNase I to the D-loop of subdomain 2 in native actin (K D $2 nM) (Figure 1B ) is generally used to quantify native G-actin (Frydman and Hartl, 1996; Gao et al., 1992; Stemp et al., 2005) . To analyze actin folding kinetics in real time, we developed a sensitive assay based on our observation that native actin binding quenches the fluorescence of DNase I, labeled with fluorescein isothiocyanate (FITC) at the N terminus (Figure 1B) . The non-muscle b-isoform of human actin (b-actin) was used in these experiments. Consistent with previous reports (Gao et al., 1992) , actin aggregated upon dilution from denaturant (Figure S1A ) and failed to undergo significant spontaneous folding (Figure 1C) . Efficient actin folding was only observed in the presence of TRiC and hydrolysable ATP (Figure 1C) . GroEL prevented the aggregation of unfolded actin (Figure S1A) . GroEL/ES in the presence of ATP did not support actin folding (Figure 1C ) but maintained actin competent for folding upon transfer to TRiC (Figure S1B) . Note that ATP binding to native actin is not rate limiting for folding under these conditions (Nowak and Goody, 1988) .
We observed that the folding rate and yield of actin (at 100 nM concentration) increased with the relative concentration of TRiC (200-1,000 nM), maximizing at an $10-fold excess of TRiC ( Figure S1C ). However, the low rate and yield of folding at 200 nM TRiC ( Figure 1D , reaction 1) was not due to inefficient capture of actin upon dilution from denaturant. When actin (100 nM) was first bound to 200 nM TRiC and incubated for 30 min (allowing for aggregation of unbound protein), addition of excess TRiC (800 nM) resulted in rapid actin folding (t 1/2 $1.3 ± 0.1 min) with full yield ( Figure 1D , reaction 2), as observed when actin was added directly to 1 mM TRiC ( Figure 1D , reaction 3). Notably, inefficient capture of non-native actin by 200 nM TRiC would reduce the yield of folding due to aggregation of actin (Figure S1A ). While 200 nM TRiC was sufficient to inhibit actin aggregation in the absence of ATP, aggregation occurred during ATP-driven cycling at 200 nM TRiC, but not at 1 mM TRiC ( Figure S1A ). This suggested that during cycling, TRiC intermittently releases actin in an incompletely folded state that aggregates at low TRiC concentration. To test this further, we used the non-cognate prefoldin (Pfd) from the archaeon Methanosarcina mazei (Klunker et al., 2003) as a trap for non-native actin ( Figure S1D ). When denatured actin was first added to excess Pfd, aggregation was prevented ( Figure S1A ), but subsequent addition of TRiC/ATP failed to result in folding ( Figure S1D ), indicating that non-native actin when bound to Pfd is unavailable to TRiC. Indeed, when the TRiC:actin complex was first formed, subsequent addition of Pfd substantially reduced the normal yield of actin folding ( Figure S1D ), confirming that non-native actin is released during ATP-dependent TRiC cycling and trapped by Pfd. Together, these data indicate that under the in vitro conditions, actin undergoes multiple rounds of TRiC binding and encapsulation during folding, with the efficiency of rebinding of actin folding intermediate(s) being limited by TRiC concentration and aggregation acting as a competing reaction. (concentrations refer to the oligomers) were included where indicated. 100 nM native b-actin is a control for the end-point of the folding reaction. TRiC/ATP in the absence of actin did not result in quenching of FITC-DNase I fluorescence. (D) Initial binding of actin to TRiC is efficient. Complexes between 100 nM actin and different concentrations of TRiC were prepared, as outlined schematically on the left, before folding was initiated with ATP and monitored by FITC-DNase I binding as in (C) . Shown are the curves of a representative experiment. Folding halftimes (t 1/2 ) were derived from single exponential fits to the data (solid lines) and represent the mean ± SEM of three independent experiments. (E) Actin folding in the absence of aggregation. GuHCl-denatured actin labeled with Alexa532 was diluted to 100 pM in buffer containing DNase I and ATP at 30 C.
Assisted folding reactions contained 200 nM TRiC. At each time point, aliquots of the reactions were stopped by adding apyrase (assisted) or TRiC/apyrase (spontaneous), and diffusion time of labeled actin was measured by FCS (see STAR Methods for details). Shown are the curves of a representative experiment. Data bars represent the mean ± SEM of three independent experiments. (F) Chain dynamics of actin measured by PET-FCS. GuHCl-denatured actin labeled with Atto655 was diluted to 100 pM in buffer as in (E) . Samples were assayed by FCS after 2 hr incubation with or without chaperonins and nucleotide analogs (see STAR Methods for details). PET relaxation times (t R ) were extracted from the autocorrelation data. Data represent the mean ± SEM of three independent experiments. See also Figure S1 .
Actin Fails to Fold in the Absence of Aggregation
We next analyzed whether actin can fold spontaneously in the absence of aggregation at very low concentration (100 pM). To this end, we labeled actin with either Alexa532 or Atto655 (actin-532 and actin-655) fluorophores at Cys17 (Figures 1B and S1E; see STAR Methods for details) and used dual-color fluorescence cross-correlation spectroscopy (dcFCCS) to confirm the absence of aggregation during attempted refolding. No cross-correlation signal was observed with a 1:1 mixture of the labeled proteins upon dilution from denaturant (final concentration 50 pM each) ( Figure S1F ), although the method is sensitive to detect <0.3 pM of dimers as the smallest possible aggregates (see STAR Methods). A clear cross-correlation signal, indicative of aggregate formation, was measured when the final concentration in the reaction was increased to $100 nM actin by addition of unlabeled denatured actin ( Figure S1F ). The labeled proteins were folding competent with TRiC, but actin-532 folded at a slightly slower rate than unlabeled actin or actin-655 (Figure S1G) . Note that Alexa532 and Atto655 do not interfere with the fluorescence of FITC-labeled DNase I.
Having established conditions in which actin remains monomeric upon dilution from denaturant (100 pM), we utilized the difference in diffusion coefficients (t D ) of monomeric ($165 mm 2 s À1 ) and chaperonin-bound actin-532 ($46 mm 2 s À1 )
by fluorescence correlation spectroscopy (FCS) to monitor actin folding ( Figure S1H ). Spontaneous folding was stopped at different times by the addition of 200 nM TRiC and the average diffusion rate of denatured actin was recorded. Note that native actin-532 does not bind to chaperonin and diffuses at the rate of the monomer. TRiC-assisted refolding was stopped by addition of apyrase to rapidly deplete ATP. No spontaneous actin folding was detectable over a time course of 60 min, as the actin-532 remained in a non-native state competent for binding to TRiC, resulting in slow diffusion in the FCS assay ( Figure 1E ). In contrast, during TRiC-assisted folding (200 nM TRiC), actin shifted to the fast diffusion rate of the folded monomer with a t 1/2 of $7 ± 1 min ( Figure 1E ), corresponding to the folding rate of 100 nM unlabeled actin with 200 nM TRiC ( Figure S1C ). Next, to characterize the conformational state non-native, monomeric actin adopts in the absence of TRiC, we used photoinduced electron transfer (PET) in combination with FCS to measure polypeptide chain dynamics. In PET, the fluorescence of an oxazine dye (Atto655) is quenched via van der Waals contact with a tryptophan residue by direct transfer of an electron. PET-FCS reports on protein conformational fluctuations on a microsecond timescale with the PET relaxation time (t R ) providing a measure of protein chain motion (Sauer and Neuweiler, 2014) . Actin contains four Trp residues, two in subdomain 1 near the C terminus (Trp340 and Trp356) and two in subdomain 2 (Trp79 and Trp86). Trp86 is located close to the Atto655 labeling site (Cys17) in native actin. We first measured fluorescence autocorrelation functions for actin-655 (100 pM) after 10 min to 2 hr of TRiC-assisted folding, and extracted a constant t R value of 127 ± 9 ms, indicating slow chain dynamics in the native state ( Figure 1F ). A similar t R (138 ± 3 ms) was observed when unfolded actin was first bound to TRiC and then stably encapsulated by addition of ATP/AlF X ( Figure 1F ), an ATP hydrolysis transition state mimic that stabilizes the symmetrically closed conformation of TRiC and prevents intermittent actin release (Meyer et al., 2003) . In contrast, actin diluted from denaturant into buffer had a much faster t R (18 ± 1 ms), consistent with conformationally dynamic states. This actin remained monomeric and competent for folding by TRiC for at least 2 hr, based on diffusion rate measurements by FCS ( Figure S1I ). Similar t R values were measured for actin bound to GroEL (18 ± 2 ms), indicating that the bacterial chaperonin failed to stabilize actin in a less dynamic state ( Figure 1F ). The t R value remained essentially unchanged (19 ± 3 ms) when GroEL-bound actin was encapsulated in GroEL/ES by adding ATP and BeF X , generating stable complexes with GroES bound to both rings of GroEL by mimicking the ground state of ATP hydrolysis (Fei et al., 2014) ( Figure 1F ). This is consistent with the inability of GroEL/ES to promote actin folding ( Figure 1C ). Despite the presence of Trp residues in the apical domains of TRiC (close to substrate binding sites), TRiC-bound actin exhibited PET quenching rates similar to refolded actin (t R = 136 ± 6 ms) ( Figure 1F ). Thus, upon binding to and encapsulation in TRiC, but not GroEL, actin adopts chain dynamics similar to the native state, at least with regard to the regions of actin probed by PET-FCS.
Binding to TRiC Stabilizes Native-like Structure in Actin To understand why TRiC, but not GroEL/ES, can support actin folding, we next analyzed the conformational properties of native and chaperonin-bound actin using hydrogen/deuterium exchange (H/DX) coupled to mass spectrometry (MS) (Engen and Smith, 2001; Wales and Engen, 2006) . Actin or chaperonin:actin complexes were diluted 10-fold into D 2 O buffer and incubated for 10-1,000 s to allow for exchange of exposed backbone hydrogens to deuterium (Figure 2A ). Exchange was stopped by acid quenching and shift to low temperature, followed by pepsin digestion and analysis of deuterium incorporated into individual peptides by liquid chromatography-ion mobility separationmass spectrometry (LC-IMS-MS). The degree of deuterium incorporation correlates with structural flexibility, as backbone hydrogens are protected from exchange when involved in stable secondary structure, buried in the core of a folded protein or at a protein-protein interface. Pepsin digestion produced 96 unique and overlapping peptides, corresponding to $98% sequence coverage of actin in the native, GroEL-bound and TRiC-bound states ( Figure S2A ). All the peptides analyzed showed unimodal exchange kinetics (i.e., a single binomial isotope distribution) (Figure S2B) , which is consistent with a single population of protein molecules (Engen and Smith, 2001 ). Observation of unimodal exchange kinetics indicates that the protein did not undergo large folding-unfolding transitions during deuterium labeling.
Native actin (with bound ATP) exhibited low deuterium incorporation indicative of stable secondary structure in most of the peptides analyzed, with the exception of the N terminus and loop regions in subdomains 1, 2, and 4 that exchanged rapidly ( Figure 2B ; Table S1A ). The GroEL-bound actin was globally destabilized compared to native actin ( Figure 2C ; Table S1B), consistent with its high conformational dynamics observed by PET-FCS ( Figure 1F ). Similar observations have been made for other GroEL-bound proteins (Georgescauld et al., 2014; HayerHartl et al., 2016) . In contrast to the GroEL-bound protein, in the TRiC-bound state most of actin was only mildly destabilized See also Figure S2 and Table S1 .
compared to the native protein ( Figure 2D ; Table S1C ), again consistent with PET-FCS results. A striking exception is the region comprising residues 8-31 in subdomain 1, which showed high and rapid deuterium incorporation, within 10 s of the D 2 O pulse. Residues 8-31 belong to a triple-stranded b sheet that forms one wall of the ATP binding cleft. Notably, in GroEL-bound actin, this region was not destabilized and was almost as protected from exchange as in native actin (Figures 2B and 2C;  Tables S1A and S1B ). This protection may reflect either structure formation of the triple-stranded b sheet in the GroEL-bound state or a direct binding interaction with GroEL apical domains. The H/DX data also provided information on potential TRiC interaction sites of actin. Six actin peptides were more protected from deuterium exchange in the TRiC-bound state than in native actin (peptides 2-8, 54-66, 105-117, 141-150, 198-205, and 228-239) (Figure 2E ; Tables S1A and S1C), suggestive of protection due to burial in a binding interface. Of these, four peptides (54-66, 141-150, 198-205, and 228-239) correspond to regions of actin previously implicated by peptide array data to be involved in binding TRiC . Interestingly, all these peptides localize to loop regions in native actin, consistent with a binding mode that would allow native-like structure to form in the bound-state.
In summary, in contrast to homo-oligomeric GroEL, the hetero-oligomeric TRiC allows actin to achieve substantial nativelike structure in the bound state but prevents (premature) formation of the nucleotide binding pocket by maintaining the triple-stranded b sheet in a dynamic conformation. This would suggest that the two lobes of actin are in an open topology, preventing structure formation of the nucleotide binding pocket.
Topology of Actin Bound to TRiC or GroEL
To obtain more insight into the structure of chaperonin-bound actin, we performed cryo-EM and single-particle image analysis. GroEL:actin complexes were prepared by diluting denatured actin into GroEL-containing buffer at a GroEL:actin ratio of 1:1. 3D classification starting from $37,000 particles yielded a single major class ($10,400 particles) with clear extra density of bound actin in one ring of GroEL (Figures 3A and S3A) . TRiC:actin complexes were prepared using a 2-fold excess of chaperonin to avoid actin aggregation. 3D classification yielded two classes ($50% each of $64,000 particles), with and without additional density corresponding to bound actin (Figures 3B, S3B, and S3C). We obtained 3D reconstructions of GroEL:actin, TRiC: actin, and TRiC alone at overall resolutions of $10.3 Å , $9.1 Å , and $8.8 Å , respectively (Figures 3A, 3B, S3C, and S3D), without imposing symmetry.
Rigid-body fitting of the crystal structure of GroEL (PDB: 1XCK) into the GroEL:actin density map revealed the extra density of bound actin (Figure 3A) . We found actin to be bound to four consecutive subunits of one GroEL ring, with the actin density localized at the level of helices H and I of the apical domains, as previously observed for GroEL substrates (Elad et al., 2007) ( Figure 3A ). The TRiC:actin complex also showed extra density in only one ring (Figure 3B) , with the unoccupied ring having the conformation of TRiC alone ( Figures 3B and S3C ). The bound actin contacts at least five consecutive subunits of TRiC, and rigid-body fitting of the crystal structure of unliganded TRiC (PDB: 4B2T) into the density places actin at the level of the apical domains, close to the previously reported substrate binding sites (Joachimiak et al., 2014) (Figure 3B ). Note that in both the crystal structure of unliganded bovine TRiC and our cryo-EM density map, density corresponding to the helical extensions at the tip of the apical domains ( Figure 1A ) is not visible, suggesting high structural flexibility. This interpretation is further supported by H/DX data discussed below. The observed density of actin bound to GroEL corresponded to only 28% in volume of the calculated density of native actin ( Figure 3C ), indicating that actin is bound in a dynamic conformation, as shown by the H/DX and PET-FCS analyses ( Figures 1F and 2B ). In contrast, the TRiCbound actin amounted to $76% of the maximum possible density ( Figure 3C ), confirming the result from H/DX analysis that the actin bound to TRiC is largely structured ( Figure 2B ). However, the TRiC-bound protein appeared expanded compared to native actin (Figure 3C) , consistent with the two lobes of actin being in an open conformation.
To assign the TRiC subunits that interact with actin, we labeled the TRiC:actin complex with an antibody against subunit CCT1 and performed cryo-EM analysis with single-particle reconstruction ( Figure S3E ). As a second criterion, we took advantage of the fact that CCT2 is substantially disordered, with density of the intermediate and apical domains missing in reconstructions of unliganded TRiC . Based on the known subunit order in the chaperonin ring (Kalisman et al., 2012; Leitner et al., 2012) , we find that actin binds to the consecutive TRiC subunits CCT4, CCT2, CCT5, CCT7, and CCT8 ( Figure 3B ), of which subunits 4À2À5À7 form the net negatively charged hemisphere of the TRiC cavity (Leitner et al., 2012) . As shown previously in the unliganded TRiC, CCT1 protrudes outward from both rings of the TRiC:actin complex (Figure 3B ). Interestingly, while density for the intermediate and apical domains of CCT2 is missing in the unoccupied ring and in the TRiC crystal structure (PDB: 4B2T), the subunit is almost completely resolved when actin is bound (Figures 3B and S3C) . Indeed, a comparison of the relative deuterium uptake of TRiC alone and actin-bound TRiC revealed that the lid subdomain of CCT2 becomes substantially more protected from deuterium exchange when actin is bound ( Figure S3F ; Table S2B ).
ATP Binding to TRiC Results in Partial Release of Actin
Structural and biochemical evidence indicates that TRiC adopts an intermediate, partially closed conformation in each ring upon ATP binding, followed by complete closure of the rings mediated by ATP hydrolysis Meyer et al., 2003; Rivenzon-Segal et al., 2005; Zhang et al., 2011) . This is reflected in a partial protection of the TRiC lid segments against proteinase K cleavage upon binding of ADP$BeF X as an ATP mimic and more complete protection with ATP/AlF X as a mimic of the ATP post-hydrolysis state (ADP$AlF X ) (Meyer et al., 2003) . We found these effects to be more pronounced for the TRiC:actin complex than for TRiC alone ( Figure S4A ).
To determine how ATP binding to TRiC affects the conformation of actin, we added ADP$BeF X to preformed TRiC:actin and performed H/DX measurements on the complex. Binding of the ATP analog increased deuterium uptake of peptides 54-66 and 228-239 in actin subdomains 2 and 4, respectively, as observed within 10 s of the deuterium pulse ( Figure 4A ; Table S1D ). These peptides represent probable interaction sites with apo-TRiC, based on their relative protection in the bound state compared to native actin (Figure 2E) , suggesting that actin is released by TRiC at these positions. Concomitantly, peptide 94-104 in actin subdomain 1 is deprotected, while part of subdomain 4 (peptides 208-218 and 237-247) becomes more protected from deuterium exchange and acquires native-like properties ( Figures  2A, 2D, and 4A) . However, the triple-stranded b sheet at the core of subdomain 1 (peptide 9-21) remains in a largely unstructured state, similar to when actin is bound to apo-TRiC ( Figures 2D and  4A ). In summary, the data suggest that ATP-binding to TRiC induces partial release of bound actin and progression toward native-like conformation.
To understand the mechanism underlying the partial actin release, we analyzed the conformational changes in TRiC upon ATP binding by H/DX. We identified peptides covering 80%-90% of the sequence of each TRiC subunit, in the apostate and with bound ADP$BeF X (Table S2 ). Substantial Figure S3D ). Actin density is colored purple. The crystal structure of apo-GroEL (PDB: 1XCK) placed into the density by rigid-body fitting is shown in blue cartoon representation. Helix H and I of GroEL are colored yellow. (B) Cryo-EM density map of the TRiC:actin complex at 9.1 Å resolution (see Figure S3D ). Actin density is colored purple. The crystal structure of apo-TRiC (PDB: 4B2T) placed into the density by rigid-body fitting is shown in blue cartoon representation. Subunit numbering (red) is based on the reconstruction of the TRiC:actin:aCCT1 antibody complex (see Figure S3E ). (C) Comparison of actin density in the native and chaperonin-bound states. Native actin, rendered to 18 Å resolution from the crystal structure (PDB: 1J6Z), is shown for comparison. Densities are rendered at the same scale. See also Figure S3 . nucleotide-dependent changes in protection (>1 Da change on average across all time points) were observed mainly in the nucleotide binding P loop of the equatorial domains, a-helical lid extension and the RLS (release loop of substrate) of the apical domains ( Figure 4B ). Note that TRiC binds substrates at the groove formed by helix 11 (H11) and the proximal loop (PL) in the apical domain of each subunit (Joachimiak et al., 2014) ( Figure 4B ). Upon TRiC closure induced by ATP hydrolysis, the RLS in one apical domain makes direct contact with the PL of the neighboring subunit, causing substrate displacement into the cavity . Consistent with the TRiC subunits differing in their affinity for ATP , ADP$BeF X -binding induced H/DX protection in the P-loops of CCT subunits 3, 1, 4, 2, 5, and 7, indicative of bound nucleotide ( Figure 4C) , with the highest level of protection in subunits 3, 1, and 4 (Table S2 ). In contrast, no P loop protection was observed in subunits 8 and 6, indicating the absence of bound nucleotide ( Figure 4C ; Table S2 ). This pattern of nucleotide binding is consistent with subunits 6 and 8 having divergent P loop sequences (Kalisman et al., 2013) . The ATP mimic also caused protection of the lid segments of subunits 3, 4, 2, and 5 ( Figure 4C ), indicating partial structuring of the TRiC lid. ADP$BeF X -binding further affected the conformational dynamics of a subset of the substrate binding sites of TRiC ( Figure 4C ). Specifically, we observed significant protection of the RLS loops of subunits 4 and 2 ( Figure 4C ), which dock against H11 and PL of subunits 2 and 5, respectively, in the closed post-hydrolysis state . Thus, our H/DX data suggest that the binding of ATP already weakens the interactions between bound substrate and subunits 2 and 5, resulting in partial release.
To complement the H/DX analysis, we attempted to analyze complexes of ADP$BeF X bound TRiC with and without actin using cryo-EM. Unfortunately, despite considerable effort, we could not produce a reconstruction of sufficient quality to unambiguously assign density to bound actin, presumably due to the higher flexibility of actin on ADP$BeF X bound TRiC. However, the TRiC:ADP$BeF X complex alone was reconstructed to $6 Å resolution ( Figures 4D, S4B , and S4C). As described above, the CCT1 subunit protruding outward from the ring ( Figure 3B ) was used to orient the map and assign the remaining subunits (Zang et al., 2016) . Binding of the ATP mimic to TRiC induced a substantial conformational change in only one ring of the chaperonin ( Figure 4D ). Consistent with the pattern of H/DX protection, the lid segments of subunits 4, 2, and 5 (clockwise) are stabilized by binding of ADP$BeF X ( Figure 4D ). This is particularly evident for the lid segment of CCT2, which is not resolved in the apo-state ( Figure S3C ). Furthermore, subunits 4, 2, and 5 tilt together to form a partially closed hemisphere together with CCT7. We observed continuous density linking the apical domains of subunits 4, 2, and 5 ( Figure 4D ), indicating that the substrate binding sites of CCT2 and CCT5 become occluded in the ATP-bound state. This is consistent with our observation that the RLS of subunits 4 and 2 become protected from H/DX in the presence of ADP$BeF X ( Figure 4C ). Taken together, our data suggest that ATP binding to TRiC induces selective substrate release from subunits 2 and 5, thereby altering the conformational dynamics of bound actin.
Completion of Actin Folding in the TRiC Cavity ATP hydrolysis triggers closure of the TRiC lid and results in the complete release of the substrate into the chaperonin cavity . To follow the folding of actin during this process by H/DX, the reaction was pulse-labeled with D 2 O for 10 s after different times of ATP addition (10 s to 20 min) to the TRiC:actin complex ( Figure 5A ). Note that folding continues during the 10-s D 2 O pulse. To improve time resolution, folding reactions were carried out at 10 C and initiated using ATP/AlF X to stabilize the closed conformation of TRiC and prevent intermittent actin release (Meyer et al., 2003) . We confirmed that ATP plus AlF X induced the closed state by demonstrating protection from deuterium exchange for the peptides in the RLS, H11, PL, and lid segments of all subunits (Table S2) .
We obtained H/DX protection data for 27 peptides of actin covering 70% of the sequence (Figures S5A and S5B ). Ten peptides did not change in protection upon addition of ATP ($24% of the sequence), having already reached native-like protection levels in the TRiC-bound state (Figure S5B) , consistent with our observation that binding to TRiC already causes substantial structure formation in actin (Figure 2 ). Upon addition of ATP, the analyzed peptides in subdomains 2, 3, and 4 reached native-like protection levels with an apparent t 1/2 of $30 s or less ( Figures  5B and 5C ). Next, peptide 84-93 and the C terminus of actin (peptide 356-375), both in subdomain 1, reach native-like protection with a t 1/2 of $1 min. Notably, the last region in actin to acquire native-like protection with a t 1/2 $5 min is peptide 17-31 of subdomain 1, which belongs to the triple-stranded b sheet involved in forming the ATP binding cleft (Figures 5B and  5C ). This peptide shows biphasic protection kinetics, with $3 Da of protection acquired within $30 s, and the remaining $1 Da acquired with a t 1/2 $5 min ( Figure S5B ). This is close to the t 1/2 of actin folding ($7 min) measured by DNase I binding Figure S4C ). The structure of yeast TRiC:AMP-PNP (PDB: 5GW5) placed into the density by rigid body fitting is shown in blue cartoon representation. Subunits are numbered as in Figure 3B . See also Figure S4 and Tables S1 and S2. (legend continued on next page) at 10 C in the presence of ATP (allowing substrate cycling on TRiC) and a large excess of TRiC ( Figure S5C ). Our H/DX analysis of the TRiC:actin complex in the presence of ADP$BeF X had revealed that binding of ATP to TRiC, resulting in partial actin release, caused peptide 22-31 of actin to become protected by $2 Da (Table S1D) . Thus, the region that folds slowly upon complete encapsulation in the pulse-label experiment corresponds to part of the remainder of the peptide, i.e., residues 17-21 of actin, which interact directly with the a/b phosphates of ATP. The slow protection of this peptide upon ring closure of TRiC may therefore reflect ATP binding to the inter-domain cleft of the near native actin. In support of this conclusion, removal of ATP from native actin by chelation of Mg 2+ /Ca 2+ by EDTA (Altschuler et al., 2005) destabilized subdomain 1, including the ATP binding peptide 17-31, as measured by H/DX ( Figure 5D ; Table S1E ). Furthermore, EDTA-treatment also destabilized the DNase I-binding D-loop in subdomain 2 (peptide 33-44) ( Figure 5D ). We note that when enclosed in TRiC, this D-loop peptide acquires native-like protection before the ATP-binding cleft is fully structured ( Figures 5C and 5D ), perhaps due to compaction in the confining environment of the chaperonin cavity. In summary, the final stage of TRiC-mediated actin folding is coupled to ATP binding, which represents the rate-limiting step. ATP binding stabilizes the tertiary structure of native actin, including the DNase I-binding D-loop.
Misfolding of Actin in the GroEL/ES Cavity
Analysis of spontaneous folding of actin by H/DX was not feasible because non-native actin rapidly aggregates at the concentration necessary for H/DX measurements. However, upon encapsulation in the GroEL/ES cage, substrate proteins are free to fold unimpaired by aggregation . Because actin fails to fold upon encapsulation in GroEL/ ES ( Figure 1C ), but retains high conformational dynamics (Figure 1F) , we reasoned that the conformation of encapsulated actin may resemble that of the non-aggregated, kinetically trapped intermediate formed upon attempted spontaneous folding under single-molecule conditions ( Figure 1E ). This interpretation is further supported by the finding that GroEL/ES encapsulated actin, like the frustrated intermediate of spontaneous folding, is competent for folding upon transfer to TRiC ( Figure S1B ). Stable encapsulation was achieved by adding GroES, ATP, and BeF X to GroEL:actin complexes ( Figure 6A ) and confirmed by demonstrating actin protection from proteinase K ( Figure S6 ). H/DX analysis was performed as in Figure 2 and showed that the encapsulated actin remained in a highly dynamic conformation ( Figure 6B ; Table S1F), similar to actin bound to GroEL (Figure 2C) . Most peptides exhibited much higher deuterium exchange in the encapsulated state than the native state ( Figures  2C and 6B) , with the exception of peptides 2-8, 105-121, and 367-375 of subdomain 1. These regions are relatively dynamic in the native state but exchange deuterium slowly in the encapsulated state, consistent with the formation of non-native structure upon release into the GroEL/ES cavity ( Figure 6B) . Notably, the triple-stranded b sheet (peptide 9-21) was conformationally dynamic (Figure 6B ), suggesting that its protection in the GroEL-bound state ( Figure 2C ) was likely due to a direct interaction with GroEL. Likewise, peptides 286-297 and 222-236 in subdomains 3 and 4, respectively, are more dynamic in the encapsulated than in the bound state ( Figures 2C and 6B ). These results demonstrate the state of actin inside the bacterial chaperonin to be highly dynamic with localized misfolding in subdomain I and absence of a structured ATP-binding cleft. Actin (C) Acquisition of H/DX protection during folding of TRiC-encapsulated actin. Peptides with H/DX protection equivalent to native actin are colored blue. Newly protected peptides at each time point are colored green. Residues without deuterium uptake data are colored gray. Peptides that become protected with t 1/2 $1 min and t 1/2 $5 min are boxed. (D) Structure of folded actin (PDB: 2BTF) color-coded according to the relative deuteration difference between the native and EDTA-denatured state at 100 s exposure to deuterium (see STAR Methods for details). The D-loop region in subdomain 2 is indicated. Residues without deuterium uptake information are colored gray. Relative deuteration difference is scaled linearly from À50% (blue, stabilized by EDTA) to 50% (red, destabilized by EDTA). Deuteration data represent the mean of three independent experiments. See also Figure S5 and Table S1. Figure 2A . Deuteration data represent the mean of at least three independent experiments. See also Figure S6 and Table S1. probably populates a similar frustrated state during attempted spontaneous folding in the absence of aggregation.
DISCUSSION
Actin Folding Mechanism Molecular chaperones are generally thought to assist in protein folding by preventing (or reversing) off-pathway aggregation, allowing proteins to realize their inbuilt potential to fold. Here, we have shown that the role of TRiC in actin folding differs fundamentally, in that actin cannot reach the native state spontaneously (or does so exceedingly slowly), even in the absence of aggregation ( Figure 7A ). Thus, TRiC either enables or dramatically accelerates actin folding, suggesting a profound effect on the free energy barriers of the folding pathway ( Figure 7B ). Although actin is not an especially large protein, it has a complex topology, with each domain formed by multiple long-range interactions. The folding of subdomain 1 is particularly intricate, and involves packing of the C-terminal helices (residues 348-375) against a b sheet structure formed by both the N terminus (residues 1-32) and residues 96-144 ( Figure 1B) . Indeed, simulations predict that correct folding of subdomain 1 is a rare event, and early (mis)folding of this region frustrates further progress to the native state (Lee et al., 2012) . Consistent with this, upon encapsulation inside the GroEL/ES chamber, actin reaches a state that is poorly structured but misfolded in subdomain 1 (Figure 6 ), a form that likely resembles the kinetically trapped state of actin populated during attempted spontaneous folding in the absence of aggregation ( Figure 7A ).
Our data indicate that the mode of actin binding by TRiC is an important determinant of subsequent folding (Figure 7B Figure S3C ), complex with ADP$BeF X (ATP-bound mimic; Figure 4D ) and complex with ADP$AlF X (ATP-hydrolyzed) . TRiC subunits are numbered. See also Figure S7 .
GroEL, TRiC stabilizes a topology of actin with substantial native secondary structure. Importantly, the b sheet core of subdomain 1, which forms part of the nucleotide binding cleft, is selectively destabilized in the bound state ( Figure 2D ). This is likely explained by the stretched topology of bound actin observed by cryo-EM of the TRiC:actin complex, where actin contacts the consecutive TRiC subunits 4, 2, 5, 7, and 8. Subunits 4À2À5À7 form the net negatively charged hemisphere of the TRiC cavity (dashed red line in Figure 7B ) (Leitner et al., 2012) , which may play a role in stabilizing the specific actin topology. The expanded conformation of bound actin is consistent with previous FRET data (Villebeck et al., 2007) and would prevent non-native long range interactions from forming early during folding.
ATP binding to TRiC produces a distinct intermediate in the chaperonin cycle . Our H/DX analysis and cryo-EM reconstruction of the ATP-state demonstrated that this intermediate is asymmetric, and induces segmental release of bound actin ( Figures 7B and 7C) . Following ATP hydrolysis and complete release of actin into the TRiC chamber, the tertiary packing of the C-terminal helices in subdomain 1 is delayed relative to the remainder of the protein ( Figure 5C ) and is only stabilized upon ATP binding to near-native actin. Thus, by dictating the order of folding, TRiC guides actin along a pathway that avoids deep kinetic traps in the folding energy landscape (Figure 7B) . It is likely that other topologically complex eukaryotic proteins (such as tubulin) would benefit from the capability of the TRiC hetero-oligomer to direct the sequence of structure acquisition during folding.
Substrate Recognition by GroEL and TRiC
Unfolded substrate proteins bind GroEL at a rate close to the diffusion limit (Sharma et al., 2008) and spend most of the folding reaction in the GroES-encapsulated state, as re-binding of intermittently released non-native protein is highly efficient . Although folding of actin also occurs inside the TRiC cavity ( Figure 5C ), we find that re-capture of actin between encapsulation cycles is inefficient in vitro ( Figure 1D ). This distinction can be explained by different substrate binding modes. Binding to GroEL is mainly mediated by hydrophobic interactions, with all apical domains of the GroEL ring displaying the same binding affinity. As a result, bound protein cannot form a native-like hydrophobic core and is globally destabilized (Figure 2C ). In contrast, actin binding to TRiC involves multiple subunit-specific contacts. A distinct pattern of hydrophilic and hydrophobic sequence features is recognized by each subunit (Joachimiak et al., 2014) , including exposed loop segments of an otherwise native-like folding intermediate. Each individual subunit interaction is relatively weak (Joachimiak et al., 2014) , and stable binding is strongly avidity-driven. Compared to GroEL, TRiC stabilizes a relatively structured, less dynamic conformation of actin ( Figures 1F, 2C , 3B, and 5C). Upon release, this state of actin would be less competent to contact multiple TRiC subunits simultaneously in an expanded conformation, and therefore requires higher TRiC concentrations to re-bind the chaperonin.
Unlike GroEL, TRiC undergoes a substantial conformational change upon actin binding ( Figures 3A and 3B) , with CCT2 experiencing a disorder-to-order transition similar to when ATP binds the chaperonin ( Figure S3F ). Reopening of the TRiC cage is enthalpically costly, and the slowest step of the conformational cycle (Reissmann et al., 2007) . Thus, the favorable order-to-disorder change in CCT2 may be utilized to drive cage reopening.
Actin Folding In Vivo
Fast and efficient actin folding in vitro required a large excess of TRiC over actin (Figure 1) . How does the cell overcome this intrinsic inefficiency? Any factor that prevents actin aggregation during TRiC cycling may improve the folding yield. In eukaryotic cells, this function is likely fulfilled by prefoldin (Lopez et al., 2015) , a heterohexameric chaperone that interacts with TRiC directly (Martín-Benito et al., 2002) . Note that the non-cognate prefoldin from the archaeon M. methanosarcina, a hexamer consisting of only two types of subunit, lacks the ability to interact productively with mammalian TRiC and thus functions as a trap for non-native actin ( Figure S1D ). Intriguingly, another factor, phosducin-like protein, has been shown to slow the ATPase activity of TRiC and to facilitate TRiC-mediated actin folding in the absence of prefoldin (Stirling et al., 2006; Stuart et al., 2011) .
Evolution of Chaperonin Dependence of Actin
Fibril-forming actin homologs exist in bacteria (MreB) and archaea (crenactin) ( Figure S7 ) but do not strictly require their cognate chaperonin to fold (Kerner et al., 2005; Moparthi et al., 2016) . The relationship of actin with TRiC is unique, and we propose that coevolution of substrate and chaperone has allowed the primary sequence of actin to diverge to the point where it can no longer fold on its own. Indeed, the C-terminal region (residues 350-375 in actin) is poorly conserved in actin-like proteins (Lindas et al., 2014) . Furthermore, the C-terminal helices in domain 1 of actin fold into a structure distinct from MreB or crenactin ( Figure S7 ) and misfold when encapsulated in GroEL/ES/ (Figure 6 ). The C terminus of actin (together with domain 3) forms a hydrophobic groove that is an interaction hotspot for regulators of actin polymerization (Dominguez and Holmes, 2011) . Coevolution with TRiC may therefore have allowed actin to sample a structural space that permits new functional interactions at the expense of foldability.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS Proteins
Bovine TRiC, unfolded human b-actin, prefoldin (Pfd) from Methanosarcina mazei, GroEL and GroES were purified as previously described (Hayer-Hartl et al., 1996; Klunker et al., 2003; Rü ßmann et al., 2012; Villebeck et al., 2007) . DNase I and proteinase K (PK) were purchased from Sigma-Aldrich. Native b-actin from human platelets was purchased from Cytoskeleton.
METHOD DETAILS
Actin Folding DNase I-labeling DNase I was labeled at the N-terminal amine with a 5-fold molar excess of fluorescein isothiocyanate (Invitrogen) in 100 mM sodium bicarbonate-carbonate buffer pH 8.5 for 5 hr on ice. Labeling was performed at pH < 9 to disfavor modification of exposed lysine residues. Labeled protein was separated from free dye by gel filtration into folding buffer (20 mM Tris-HCl pH 7.4, 50 mM KCl, 10 mM MgCl 2 and 0.2 mM CaCl 2 ) using micro Bio-spin P-6 columns (BioRad). Labeling efficiency was typically 70%-80%.
Folding Assay
For the folding reactions, actin denatured in 6 M GuHCl was diluted 700-fold to a final concentration of 100 nM actin in a solution containing > 200 nM chaperonin or 10 mM Pfd in folding buffer. Samples were incubated at 25 C for 30 min before centrifugation at 16,000 x g for 10 min. 125 nM FITC-labeled DNase I was added to each sample and folding reactions were started using 5 mM ATP. Actin folding was monitored by fluorescence using a FluoroLog 3 spectrofluorometer (Horiba) with excitation at 495 nm (2 nm slit width) and emission at 517 nm (8 nm slit width). Shutter control was used to excite the sample every 10 s. A Peltier-thermostat was used to maintain the temperature at 30 C during the measurement, unless otherwise stated.
Fluorescence Correlation Spectroscopy (FCS) Protein Labeling
Actin was labeled in 6M GuHCl in folding buffer with either AlexaFluor532 (Invitrogen) or Atto655 (AttoTec) by maleimide chemistry. Protein was mixed with a 1.2 fold molar excess of dye and incubated for 30 min at 20 C. The reaction was quenched with 5 mM DTT and free dye was removed by buffer exchange into 6M GuHCl/folding buffer using a micro Bio-spin P-6 column (BioRad). Labeling efficiencies were $95%, consistent with most actin monomers being labeled at only one of four available cysteine residues. To establish whether more than one cysteine could be labeled simultaneously, double-labeling of actin was attempted as described above, using 10 mM denatured actin and 15 mM each ofAlexaFluor532-maleimide and Atto655-maleimide. In all cases, the absence of free dye was confirmed using FCS. Intact-protein LC-MS indicated that actin was primarily labeled at a single position, and GluC digestion followed by LC-MS/MS identified the dominant labeling site as Cys17. FCS FCS was measured on a Microtime200 inverse time-resolved fluorescence microscope (PicoQuant) using pulsed interleaved excitation (Mü ller et al., 2008 ) at 20 C. Alexa532 and Atto655 were excited using 60 mW picosecond-pulsed diode lasers at 530 nm (LDH-P-FA-530) and 640 nm (LDH-PC-640B), respectively. Lasers were pulsed at 26:6 mHz. Excitation light was guided through a water immersion objective (60 3 1.2 NA, Olympus) into a closed sample cuvette (Ibidi). Emitted fluorescence was separated from excitation light by a dichroic mirror (Z532/635RPC), guided through a pinhole (75 mm) and in the case of cross-correlation split according to wavelength by a beam splitter (600 DCXR) onto photon avalanche diodes (SPADs) (PDM series, MPD). Emission light was filtered using band pass filters (HQ 580/70 and HQ 690/70, Chromas). Detection was performed using time correlated single photon counting. For auto-correlation measurements, after-pulsing artifacts were removed using fluorescence lifetime filters (Symphotime, PicoQuant) (Gregor and Enderlein, 2007) . Folding Measured by FCS GuHCl-denatured actin labeled with AlexaFluor532 was diluted to 100 pM in folding buffer containing 200 nM DNase I, 5 mM ATP and 0.001% Tween-20 at 30 C, without (spontaneous) or with (assisted) 200 nM TRiC. Assisted folding reactions were stopped by addition of 200 nM TRiC and 1 U apyrase (Sigma). Spontaneous folding reactions were stopped by addition of 200 nM TRiC and 1 U apyrase. For the rescue of non-native actin after attempted spontaneous folding, actin was incubated at 100 pM in folding buffer for 2 hr before addition of 200 nM TRiC and 5 mM ATP. Non-native actin binds TRiC, resulting in a significantly longer diffusion time than folded (free) actin. Diffusion times were measured at 20 C using FCS, 15 min after stopping the reaction. Auto-correlation was recorded for 15 min. The data were fit with a one-triplet one-diffusion equation using Symphotime (PicoQuant) and the mean diffusion time of particles through the focal spot (t D ) was extracted.
Dual-color Fluorescence Cross-correlation Spectroscopy (dcFCCS) Dual-color FCCS was used to assess the oligomeric state of actin during attempted spontaneous folding at 100 pM. Actin was labeled with either AlexaFluor532 or Atto655 as described above. The labeled proteins were mixed 1:1 at 5 nM each in folding buffer with 6M GuHCl, then diluted into folding buffer without denaturant to a final concentration of 50 pM each (100 pM total protein). Samples were incubated at 30 C for 2h before recording FCCS with pulsed interleaved excitation for 15 min. As a positive control, the labeled proteins at 100 pM were incubated with 100 nM denatured unlabeled actin to induce aggregation, before recording dcFCCS as above. To determine the sensitivity of the FCCS assay for actin dimers as the smallest possible aggregates, we performed control experiments using a protein labeled with both fluorescent dyes. Since we were unable to label actin with two dyes simultaneously ( Figure S1E ), we labeled firefly luciferase with Alexa532 and Atto655 (double-labeled Luc). Cross correlation was detected at very low concentration (< 0.3 pM), consistent with previous findings .
Photo-induced Electron Transfer (PET)-FCS
Photo-induced electron transfer (PET)-FCS was used to assess the conformational dynamics of actin in the absence of aggregation. GuHCl-denatured actin labeled with Atto655 was diluted to 100 pM in folding buffer containing 200 nM DNase I, 5 mM ATP and 0.001% Tween-20 at 30 C. Where stated, the buffer was supplemented with 200 nM TRiC (TRiC-assisted), 200 nM GroEL in the absence of ATP (GroEL-bound) or 200 nM GroEL/800 nM GroES/1 mM ATP/30 mM NaF/5 mM BeSO 4 (GroEL/ES 2 -encapsulated). Samples were incubated for 2 hr before recording autocorrelation functions for 15 min as described above. The data were fit with a one-exponential one-diffusion equation using Symphotime (PicoQuant). The exponential term describes PET quenching of the fluorophore as it diffuses through the focal spot, allowing extraction of t R , the PET relaxation time Sauer and Neuweiler, 2014) .
Hydrogen/Deuterium Exchange (H/DX) Equilibrium H/DX of Chaperonin-actin Complexes
Chaperonin-actin complexes were prepared as above for the actin folding assays (200 nM TRiC or GroEL and 100 nM actin), then concentrated 10-fold using a 0.5 mL Amicon Ultra filter (MWCO 30 kDa; Millipore) to a final concentration of $2 mM chaperonin/ $1 mM actin, and subjected to centrifugation at 16,000 x g for 10 min. To generate symmetrically closed GroEL/ES complexes (GroEL/ES 2 ) with encapsulated actin, 800 nM GroES/1 mM ATP/5 mM BeSO 4 /30 mM NaF were added to the GroEL-actin complex before concentration. To initiate the deuterium exchange reaction, 5 ml protein was added to 45 ml deuteration buffer (folding buffer prepared in D 2 O) and incubated for different times (10, 30, 100, 300 or 1000 s) at 25 C before quenching the reaction by addition of 50 ml ice cold quench buffer (100 mM sodium phosphate pH 2.2, 10 mM TCEP, 6 M urea) to a final pH of 2.6. Equilibrium H/DX of TRiC Subunits TRiC complexes were prepared at 200 nM in folding buffer. To mimic the ATP state of TRiC, 1 mM ADP/5 mM BeSO 4 /30 mM NaF were added to the buffer. To mimic the ATP hydrolysis transition state and generate symmetrically closed TRiC complexes, the buffer was supplemented with 1 mM ATP/5 mM Al(NO 3 ) 3 /30 mM NaF. TRiC:actin complexes were prepared as described above, at 200 nM TRiC and 100 nM actin. For experiments involving different nucleotide states of the chaperonins, the appropriate nucleotide-metal complex was also included in the deuteration buffer. Deuterium exchange reactions were performed as described above. Equilibrium H/DX of Native and EDTA-denatured Actin Native b-actin (Cytoskeleton) was prepared at 1 mM in folding buffer. Both folding and deuteration buffers were supplemented with 0.2 mM ATP and 2 mM Latrunculin B to stabilize folded actin and prevent spontaneous polymerization. EDTA-denatured actin was prepared by adding 1 mM EDTA to 200 nM native actin in folding buffer with MgCl 2 and CaCl 2 omitted (Altschuler et al., 2005) . Samples were incubated for 10 min at 25 C before performing deuterium exchange reactions as described above. Pulse-label H/DX TRiC:actin complexes were prepared as above for the equilibrium H/DX experiments, in folding buffer containing 5 mM Al(NO 3 ) 3 , 30 mM NaF and 2 mM Latrunculin B. Actin folding was initiated at 10 C by adding 1 mM ATP. At different folding times, 5 mL aliquots were withdrawn and added to 45 mL deuteration buffer containing 5 mM Al(NO 3 ) 3 /30 mM NaF/2 mM Latrunculin B/1 mM ATP.
Deuterium labeling was allowed to proceed for 10 s at 10 C before quenching by addition of 50 ml ice cold quench buffer containing 20% glycerol and freezing in liquid nitrogen. Frozen samples were stored at À80 C for no longer than one week before analysis as described below. As controls, TRiC:actin in the absence of ATP, and native actin in the presence of ATP/AlF X and Latrunculin B were prepared and analyzed as above. Peptide Mass Analysis and Data Processing Quenched samples were injected into a Waters ACQUITY UPLC M-class with H/DX via a 50 ml sample loop. Proteins were digested using a self-packed column with pepsin immobilized on POROS resin (Applied Biosystems) or an Enzymate BEH-pepsin column (Waters) at a flow rate of 100 ml min -1 and temperature of 20 C. Peptides were trapped and desalted for 3 min at 100 ml min -1 before transfer to a 1.0 3 100 mm ACQUITY UPLC peptide CSH C18 column (Waters) held at 0 C. Peptides were eluted over 7 min (analysis of actin peptides) or 8 min (analysis of TRiC peptides) at 40 ml min -1 with an 8%-40% acetonitrile gradient in 0.1% formic acid pH 2.5.
Mass analysis was performed on a Waters Synapt G2Si. Due to the complexity of the peptide mixtures, T-wave ion mobility was used as an orthogonal peptide separation step between the UPLC and mass spectrometer (Iacob et al., 2008) . Ion guide settings were adjusted to minimize gas-phase back exchange as described previously (Guttman et al., 2016) . Peptides were identified by analyzing MS E data for 4-5 undeuterated control experiments using PLGS (Waters). Mass spectra were processed in DynamX (Waters) and peak selection was manually verified for all peptides. All experiments were performed under identical conditions. Deuterium levels were therefore not corrected for back exchange and are reported as relative (Wales and Engen, 2006) . Experiments were performed 3-4 times, including at least 2 separate preparations of actin-chaperonin complexes where applicable. Errors of mass measurements were < 0.2 Da. Deuteration data for actin and TRiC were mapped onto the crystal structure of bovine b-actin (PDB: 2BTF), and homology models of bovine TRiC subunits, respectively. Homology models were generated using SWISS-MODEL (Biasini et al., 2014) using the structure of yeast TRiC in the closed state as a template (PDB: 4V94) (Leitner et al., 2012) .
Cryo-electron Microscopy (Cryo-EM) Sample Preparation and Data Acquisition
To prepare the GroEL:actin complex, denatured actin was added to 2.4 mg/ml GroEL (3 mM) at a 1:1 ratio in EM buffer (20 mM HEPES pH 7.4/50 mM NaCl/5 mM MgCl 2 /1 mM DTT), incubated for 30 min at 25 C then centrifuged for 10 min at 16,000 x g. 3.5 ml of the sample was applied to plasma cleaned (5 s) holey carbon grids (Quantifoil, R1.2/1.3, 400 mesh). The grid was manually blotted then plunge-frozen using liquid ethane cooled by liquid nitrogen. To form the TRiC:actin complex, actin was added to 0.5 mg/ml TRiC (1 mM) at a ratio of 0.5:1 in EM buffer with 0.05% b-octyl glucoside. Grids were prepared in the same way as for GroEL:actin, except that blotting was performed with a Leica GP automatic plunge freezer at 20 C, 90% humidity. Images for all the samples were collected on an FEI Titan Halo electron microscope operating at an accelerating voltage of 300 kV. Images were recorded on a Falcon II direct electron detector at 58,000x magnification (resulting in pixel size of 1.85 Å /pixel) with defocus range of À1.0 to À4.0 mm for GroEL:actin and À1.5 to À3.5 mm for TRiC:actin. The electron dose was set to 40 e/Å 2 s for GroEL:actin and to 18 e/Å 2 s for TRiC:actin. The exposure time was set to 2.26 s, and a total of 35 frames were collected, giving 2.26 e/Å 2 and 1.02 e/Å 2 per frame. The TRiC:actin:aCCT1 antibody complex was prepared by adding 10-fold excess CCT1 antibody (TCP-1alpha monoclonal antibody 91a from Enzo Life Sciences) to a preformed TRiC:actin complex. Data acquisition was performed as for the TRiC:actin complex. To prepare the TRiC:actin:ADP$BeF X complex, a final 1 mM ADP$BeF X (prepared in situ by mixing 5 mM BeSO 4 and 30 mM NaF) was added to 0.5 mg/ml TRiC (1 mM) with bound actin (TRiC:actin ratio was 1:0.5) in EM buffer with 0.05% b-octylglucoside. Grids were prepared as described above, and data were collected on a Titan Krios equipped with a Gatan BioQuantum K2 camera. Using a pixel size of 1.06Å , 48 frames per micrograph were acquired with SerialEM (Mastronarde, 2005) to a total electron dose of 70 e/Å 2 with the camera set to counting mode. To mitigate the effects of preferred orientation on the EM grid, of the 7972 micrographs collected, 1957 were tilted to 15 and 1647 were tilted to 30 by stage movement (Tan et al., 2017) . Image Processing and 3D Reconstruction For the GroEL:actin sample, movie frames were aligned with Unblur (Grant and Grigorieff, 2015) and CTF parameters were determined with CTFFIND4 (Rohou and Grigorieff, 2015) . First, particles were picked manually to create references which were then used for auto-picking. Bad particles and ice contamination were removed manually and by several rounds of 2D classification. A total of 37,231 particles from frames 2-11 were then used for further processing. Particles were corrected for beam induced movement with the particle polishing module in Relion 1.4 (Scheres, 2015) , followed by 3D classification using a soft mask. The X-ray structure of apo-GroEL (PDB: 1XCK), low-pass filtered to 40 Å was used as an initial model. No symmetry was applied. Out of four classes of particles, the class with features most consistent with the known structure of GroEL was selected. Particles from this class were used to build the model by manually decreasing the angular sampling interval in refinement steps. In each step of the refinement a soft mask was used. Particles with assigned angles were then used for final 3D reconstruction followed by a post-processing step with a soft mask and a B-factor of À250. The final resolution of the complex was 10.1 Å as estimated by the gold-standard Fourier Shell Correlation (FSC) 0.143 criterion.
In the case of the TRiC:actin and TRiC:actin:aCCT1 complexes, frames were processed in the same way as for the GroEL:actin sample, with the exception of aligning all 35 movie frames. For the TRiC:actin complex, after semi-automatic particle picking and several rounds of 2D classification, 3D classification into two classes was performed on a total of 63,807 particles. In the 3D classification the previous asymmetric model of apo-TRiC (EMD: 1960) low-pass filtered to 40 Å was used. One of the classes showed additional density and was considered to be substrate occupied TRiC, whereas the other class was considered to be unbound TRiC. Each class contained approximately 50% of the particles, consistent with the stoichiometry of the complex (0.5:1 ratio of actin to TRiC). For both classes 3D auto-refinement without imposing symmetry was performed using the models from respective 3D classes low-pass filtered to 40 Å . The final resolutions as estimated by the gold-standard FSC 0.143 criterion were 9.1 Å for the TRiC:actin complex and 8.8 Å for unbound TRiC. For the TRiC:actin:aCCT1 complex several rounds of 2D classification were performed on semi-automatically picked particles. For the 3D classification the previous asymmetric model of apo-TRiC (EMD: 1960) low-pass filtered to 40 Å was used. 9685 particles comprising the class TRiC:actin:aCCT1 were used for further refinement. For the 3D auto-refinement the model of the respective class low-pass filtered to 20 Å was used. No symmetry was imposed. The final resolution as estimated by gold-standard FSC 0.143 criterion was 16.7 Å . In the case of the TRiC:actin:ADP$BeF X sample, frame alignment was carried out with MotionCor2 (Zheng et al., 2017) with 5x5 patches and dose weighting applied. The aligned and summed, but not dose weighted, frames were used for CTF estimation by CTFFIND4. For all subsequent steps, the dose weighted images were used. Particles were selected using Gautomatch with projections from a preliminary reconstruction of TRiC:ADP$BeF X from a separate dataset used as a reference. These particles were 2D classified in RELION 2.1 to remove obvious false-positive particles, and then classified in 3D to obtain two stable classes. The first class, containing 110324 of the 258295 particles refined to 5.8 Å as estimated by the gold-standard FSC 0.143 criterion, and exhibits features consistent with a 6 Å structure. This class did not exhibit residual density that could be attributed to bound actin. The remaining particles, presumably including actin-bound states of TRiC, did not produce stable structures upon further classification.
Crystal structures of apo-GroEL, the open state of bovine TRiC (PDB: 4B2T) and the crystal structure of the antibody (PDB: 1HZH) were fit into maps by rigid body fitting in Chimera (Pettersen et al., 2004) . Native state actin density was generated with EMAN2 (Ludtke et al., 1999) from the actin monomer crystal structure (PDB: 1J6Z). Density for GroEL-bound actin was isolated manually by comparing the crystal structure and the map in Chimera. To isolate the actin density from TRiC, the map of free TRiC was overlaid over that of substrate-bound TRiC and the extra density was isolated by using Chimera. Volumes and areas of isolated actin densities were measured with Chimera.
Proteinase K Protection Assay
TRiC in different nucleotide states, with or without bound actin, was prepared at 100 nM actin/200 nM TRiC as described above. Actin-only control samples were prepared by dilution GuHCl-denatured actin into folding buffer supplemented with 2 M urea, to avoid aggregation. Complexes were incubated at 25 C for 30 min before centrifugation at 16,000 x g for 10 min to remove aggregated protein. Samples were treated with 5 mg mL À1 proteinase K (PK) (Sigma) and incubated for 10 min at 25 C. Reactions were quenched by addition of 5 mM PMSF and incubated on ice for 10 min before analysis by 12% SDS-PAGE. GroEL:actin complexes were prepared at 100 nM actin/200 nM GroEL, with or without GroES (800 nM) and ATP/BeF X (1mM), using fluorescently labeled actin (actinalexa532, prepared as described above) to improve detection sensitivity. PK protection was analyzed as described for TRiC complexes, except samples were treated with 20 mg mL À1 PK. SDS-PAGE gels of GroEL:actin-alexa532 were probed for actin fluorescence using a Typhoon 5 imager (GE Life Sciences).
QUANTIFICATION AND STATISTICAL ANALYSIS
Data in Figures 2B-2E , 4A, 4B, 5C, 5D, 6B, and S3F and Tables S1 and S2 represent the mean of three independent experiments (n = 3). Data in Figures 1D, 1F , 5B, S1C, S1G, S1I, S2B, S5B, and S5C represent the mean ± standard error of the mean (SEM) of three independent experiments (n = 3).
DATA AND SOFTWARE AVAILABILITY Data Resources
The accession numbers for the EM density maps of GroEL:actin, unliganded TRiC (apo-TRiC), TRiC:actin, TRiC:ADP$BeF X , and TRiC:actin:aCCT1 reported in this paper are EMD: 0015, 0016, 0017, 0022, and 0018, respectively. Figure 1C , at 100 nM actin and 1.8 mM TRiC. Data for the 10 C reactions represent the mean ± SEM of three independent experiments.
